Sensor Head, Luminance Distribution Measurement Apparatus Having the 
Sensor Head, and Unevenness Inspection/Evaluation Apparatus 

Field of the Invention 

The invention relates to a sensor head for detecting an angular 
distribution of the intensity or luminance^of light radiated from a^self-luminescent 
object such as lamps, light emitting diode (LED) displays, electro-luminescence 
(EL) displays, plasma display panels (POP), and liquid crystal display (LCD) 
panels illuminated from behind for selective transmission of light to display an 
image. The invention also relates to an apparatus equipped with such sensor 
head for measuring the luminance distribution of such luminary object as 
mentioned above. The invention further relates to an apparatus which utilizes 
such sensor head to analyze unevenness in luminance of an image to be 
displayed (hereinafter referred to simply as unevenness). 

BACKGROUND OF THE INVENTION 

In recent years, there have been developed apparatuses for inspecting 
unevenness in angular distribution of luminance of LCD display panels for 
example, utilizing a linear image sensor having charge coupled devices (the 
apparatus hereinafter referred to as CCD linear image sensor), as disclosed in 
Japanese Patent Early Publication 8-220014. 

Fig. 7 shows a conventional luminance distribution measurement 
apparatus, which includes a linear image sensor 2L, LCD pixels 3, lines of pixels 
3L, an LCD panel 4, a table 5 for moving the LCD panel 4 in x-direction, a light 
source 6, inspection data input device 7a, a LCD driver 8, a table drive control 
device 9, a light source control device 10, a display device 11 for displaying 
measurement data and results of the inspection, a data processing unit 12a, and 
a control unit 12b. 

In measuring the luminance of a LCD panel, the panel is illuminated by 
the light source 6. The CCD image sensors each receive light from corresponding 
pixels, transform it into an electric signal, and send it to the inspection data input 
device 7a. 

After the measurements of luminance distribution for one line of pixels, 
the table 5 is moved in the x-directlon by the table drive control device 9 so that 
the linear image sensor 2L performs measurement of luminance of the pixels in 
the next line 3L. The inspection data input device 7a sends the measurement 
data to the data processing unit 12a, which stores, processes, inspects the data 
and displays the result of the inspection on the display device 1 1 . 
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Generally, LCD panels have a characteristic that the luminance varies 
with viewing angle. The above mentioned known luminance measurement 
apparatus have drawbacks in that they fail to measure this luminance 
characteristic precisely. That is, in the inspection and/or analysis of an LCD panel, 
it simply measures the luminance in a predetermined direction, particularly in the 
direction normal to the panel. 

The direction of the line of sight for a measurement apparatus looking at a 
pixel 3 on an LCD panel, or the direction of the beam of light radiated from the 
pixel 3, is represented by a polar coordinate (0, (f)), where G is the vertical angle 
(hereinafter referred to as angle of incidence) between the normal axis passing 
through the pixel 3 and the line of sight, and (j) is the azimuth angle with respect to 
a referential axis (referred to as x-axis) in the plane of the panel, as shown in Fig. 
8. Thus, the angle of incidence 9 is 0° for the line of sight normal to the LCD panel, 
while the angle of incidence is 90° for the line of sight parallel to the LCD panel. 
For the radiation emitted from the pixel 3, 9 and (j) are in the range 0^9^ 90° and 
0^(1)^180°. In order to carry out inspection of the LCD panel, it is necessary to 
measure luminance over the entire angular domain. 

However, a conventional sensor head(e.g. a image sensing device 2, a 
CCD camera) suffers from measurement errors made by the image sensors at 
the opposite ends of the device looking at the pixel at large angles 9, as shown in 
Fig. 9A. The errors will become larger when the LCD panel is moved for further 
measurement since the angle cj) then increases. 

The range of the angle of incidence 9 that can be covered by the image 
sensor 2 could be extended by a lens 14 as shown in Fig. 9B. Since such lens has 
only a limited dimension, it still suffers similar errors at large angle of incidence 9 
and therefore the image sensor 2 would have a limited range for precise 
measurement of the luminance. 

In order to precisely measure the luminance distribution for a given pixel 
up to about 90° in the angle of incidence 9, it is necessary to position the image 
sensor 2 at a large distance away from the pixel 3 as shown in Fig. 9C, and move 
the image sensor 2 perpendicularly to the radiation from the pixel 3. 

In order to perform the measurement in a manner as described above 
and depicted in Fig. 9C, it is necessary to move the image sensor 2 along a 
circular orbit about the pixel after the image sensor 2 is positioned and fixed at a 
prescribed position relative to the pixel under measurement and then move the 
LCD panel in the x-direction, which requires a relatively complex mechanism for 
moving the image sensor 2 and the LCD panel, requiring much measurement 
time and a costly sophisticated machine. 
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SUMMARY OF THE INVENTION 

It is therefore an object of the invention to provide a sensor head capable 
of precisely and quicl<ly inspecting the luminance distribution of radiation coming 
from LCD pixels over an entire vertical angle (or angle of incidence) 0 ^9 ^ 90° 
and entire azimuth angle 0° ^ (j) ^ 180°. 

It is another object of the invention to provide an apparatus for measuring 
the luminance distribution of radiation equipped with the sensor head as 
mentioned above. 

It is a further object of the invention to provide an apparatus for 
inspecting/evaluating unevenness in the angular distribution of radiation equipped 
such sensor head as mentioned above. 

It Is a still further object of the invention to provide a compact sensor head, 
which enables provision of a compact luminance distribution measurement 
apparatus equipped with such compact sensor head. 

To the accomplishment of the foregoing objects, a sensor head of the 
invention as defined in claim 1 includes: 

a multiplicity of linear image sensors arranged in parallel with a given line 
of pixels and arranged on an imaginary semi-cylindrical surface having the axis 
thereof coincided with the line of pixels, the linear image sensors adapted to 
receive light emitted from the line of pixels at different vertical angles and 
transform it into electric signals indicative of the luminance of the line of pixels at 
vertical angle 9 in the range -90° ^ 9 ^ +90°. 

A sensor head of the invention as defined in claim 2 includes an optical 
system for receiving light emitted from a line of pixels at different vertical angles 
and for transmitting the light received to a light sensing means which transforms 
the light into electric signals indicative of the luminance of the line of pixel at 
vertical angle 9 in the range -90° ^ 9 ^ +90°. A sensor head of the invention as 
defined in claim 3 comprises an optical system for receiving light emitted from a 
light source at the center of an imaginary sphere and for transmitting the light 
received to a light sensing means which transforms the light into electric signals 
indicative of angular distribution of luminance of the light source. 

Luminance distribution measurement apparatuses of the invention as 
defined in claims 4, 5 and 6 are equipped with the sensor heads defined in claims 
1 , 2, and 3, respectively, adapted to measure easily and quickly the luminance 
distribution of the entire pixels by aligning the axis of the imaginary semi-cylinder 
or the center of the imaginary sphere associated with the sensor heads while 
moving the sensor heads relative to the pixels under measurement. 



3 



An apparatuses for inspecting/evaluating unevenness of luminance 
appearing on a display (hereinafter referred to as unevenness 
inspection/evaluation apparatus) of the invention as defined in claims 7, 8 and 9 
are arranged to detect and analyzes the unevenness in luminance and evaluate it 
based on the luminance information stored in the memories of the luminance 
distribution measurement apparatuses of claims 4, 5, and 6. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1A is a perspective view of a sensor head having a multiplicity of 
linear image sensors according to the invention, and Fig. 1B shows an enlarged 
end view of the sensor head of Fig. 1 A. 

Fig. 2A is a perspective view of another sensor head having a multiplicity 
of linear image sensors and an optical system according to the invention, and Fig. 
28 is the sensor head of Fig. 2A having an additional incident light limiter 22. 

Fig. 3A shows a unitary area image sensor coupled with an optical 
system, and Fig. 38 shows a multiple area image sensors coupled with an optical 
system. 

Fig. 4A shows another sensor head having a unitary area image sensor 
coupled with an optical system, and Fig. 38 shows in an exploded view another 
sensor head having a multiplicity of area image sensors coupled with an optical 
system. 

Fig. 5 is a diagram representation of a luminance distribution 
measurement apparatus utilizing a linear image sensor of the invention. 

Fig. 6 is a diagram representation of a luminance distribution 
measurement apparatus utilizing an area image sensor of the invention. 

Fig. 7 is a diagram representation of a conventional luminance 
distribution measurement apparatus. 

Fig. 8 is a diagram illustrating a polar coordinate system useful in defining 
spatial distribution of radiation emerging from a pixel or a panel. 

Figs. 9A, 98, and 9C show schematically conventional approaches of 
measuring the luminance distribution of radiation emerging from a light emitting 
element. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

The invention will now be described by way of example with reference to 
Figs. 1A through 7, wherein like reference numerals represent like or 
corresponding parts throughout the drawings. 
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EXAMPLE 1 

Referring now to Figs 1A and 1B, there is shown a sensor head having a 
multiplicity of linear image sensors according to the invention. Indicated generally 
by a reference numeral 2L in Fig. 2 are a multiplicity of linear image sensors. The 
area occupied by the pixels on the LCDs is a few times to 1 0 times as large as the 
area occupied by the linear image sensors. Each of the linear image sensors 2L 
extends in the direction of the axis 1A of imaginary semi-cylindrical surface 1S, 
and angularly spaced apart on the inner surface of the imaginary semi-cylinder 
with their light receiving face oriented towards the axis 1A. Thus, the normal of 
each light receiving face of the linear image sensor 2L passes through the axis 1 A 
of the imaginary semi-cylinder. A sensor head 1 incorporating the linear image 
sensors 2L shown in Figs. 1A and 1B has its axis 1A coincided with the line of 
pixels. 

As shown in Figs 1A and 1B, the linear image sensors 2L are angularly 
disposed on the imaginary semi-cylindrical surface 1S, symmetrically about the 
vertical C-axis at angles of incidence 0°, 20°, 40°, 60°, and 80° with respect 
thereto, where C-axis is taken along the normal vector perpendicular to the 
horizontal plane passing through the lower end 18 of the semi-cylinder and 
passing through the axis 1A. 

When a pixel 3 in the pixel line 3L is activated to emit light, the multiple 
linear image sensors 2L are scanned in turn in synchronism with the activation so 
as to sample light radially propagating from the pixel 3 to the linear image sensors. 
In such scanning, the luminance is measured for the angle of incidence 0 = 0°, 
20°, 40°, 60°, and 80° and for azimuth angle (j) = {j) and (])+ 180°. The luminance 
distribution can be measured for all the pixels in the pixel line 3L in the same 
manner. The accuracy of the luminance distribution curve thus obtained, and 
hence the accuracy of the measurement for the LCD panel, will be increased by 
increasing the number of the linear image sensors 2L and the number of viewing 
angles. 

The luminance distribution of the entire pixel line is obtained by activating 
all the pixels in turn and scanning the light by the linear image sensors each time. 

EXAMPLE 2 

Referring to Fig. 2A, there is shown another embodiment of a sensor 
head that utilizes the linear image sensors of Fig. 1 . This sensor head 1 includes 
a linear sensor assembly 2 having a multiplicity of linear image sensors 2L 
arranged on a common plane, and an optical system 21. In the example shown 
herein, each of the linear image sensors 2L is arranged in parallel with a given 
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pixel line 3L. Tiie optical system 21 is designed to receive beams of light that 
propagate from the pixel line 3L at different radial directions (i.e. at different 
vertical angles or angles of incidence) and for transmitting each beam to a 
corresponding linear image sensor 2L intended for sensing the light emitted from 
the pixel line 3L at a particular angle. The optical system 21 consists of such 
elements as for example a lens, a prism, a mirror, and a set of optical fibers. In 
the example shown in Fig. 2A, the light receiving faces of the optical system are 
disposed on the surface of an imaginary semi-cylinder. 

The optical system is adapted to receive light radiated from the pixel line 
(or linear area) 3L at different vertical angles and transmits the light to 
corresponding linear image sensors 2L. Measurement of the luminance 
distribution characteristic of the LCD panel in the plane perpendicular to the pixel 
line may be carried out in the same manner as in the example shown in Figs. 1A 
and IB. 

It is noted that the light paths can be established for radial distributed light 
emitted from an LCD pixel line, one for each angular direction of measurement by 
the image sensors (Fig. 3A). The arrangement of the light receiving elements of 
the optical system is not limited to a semi-cylindrical configuration, and may be 
arranged in any configuration so long as they are arranged to properly receive 
beams of light at all vertical angles. 

Thus, the linear image sensors 2L can be arranged on the same plane as 
shown in Fig. 2A or not in the same plane. An optical system 21 in the form of a 
rod lens for example may be provided for the light paths (such as an element 3a 
shown in Fig. 1) between the linear image sensors 2L and the pixel lines 3L, for 
optically connecting each of the pixel in the pixel line 3L with a corresponding 
linear image sensor 2L in the vertical direction 9, as shown in Fig. 1 A and in Fig. 
2A. In this instance, each of the linear image sensors 2L can measure more 
accurately only the radiation which is directed to that linear image sensor 2L. 
Thus, if all the pixels of the LCD are activated, only a predetermined line of pixels 
can be measured by a particular linear sensors. 

Fig. 2B is an exploded view of a sensor head shown in Fig. 2A further 
including an incident light limiter 22. The incident light limiter 22 comprises a slit 
or a pin-hole 22a mounted on the light receiving faces of the optical system 21 to 
limit radial component of the incident light impinging on the light receiving faces. 
The incident light limiter 22 is not inevitable to the sensor head as shown in Fig. 
2A, and can be omitted. 

EXAMPLE 3 
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Fig. 3A shows an exemplary sensor head which utilizes a CCD area 
image sensor 2A instead of linear image sensors 2L shown in Fig. 3A. The optical 
system 21 is adapted to receive light radiated from a line of pixels and/or multiple 
lines of pixels 3L at different vertical angles and transmits the light to 
corresponding linear image sensors 2L. The light receiving faces can be 
distributed on an imaginary semi-cylinder for example. Each of the angular 
components of the radiated light is related to a corresponding sensing pixel of the 
area image sensor 2A by means of an optical element of the optical system 21 , in 
the same manner as in the second example. 

When the pixels in the pixel line 3L are activated, they emit beams of light 
at different vertical directions, which are picked up by the area image sensor 2A 
through the optical elements associated with the respective directions. In the 
example shown in Fig. 3A, the area image sensor 2A scans the sensing pixels in 
the area image sensor 2A in the direction of "a" as shown in the figure to detect 
respective beams. Then the next LCD pixel is activated in the pixel line 3L, and 
active sensing pixels of the area sensor 2A are shifted by 1 position in "b" 
direction to pick up incident light from the LCD pixel by scanning the sensing 
pixels in "a" direction. In this way, the viewing angle characteristic of the pixel line 
is measured for the LCD panel. 

EXAMPLE 4 

Fig. 3B shows an exemplary sensor head which utilizes a set 2M of area 
image sensors instead of a single area image sensor 2A of example 3 shown in 
Fig. 3B. In this arrangement the sensor head 2M has an improved resolution for 
luminance measurements. The area image sensors 2A in the set 2M can be 
arranged on the same plane or not on the same plane. The angular 
correspondence to be established between the light receiving faces of the optical 
system and the CCDs in the set of multiple area image sensors 2M is the same 
as in the third example above, and so is the manner in which viewing angle 
characteristic is measured. 

EXAMPLE 5 

Fig. 4A shows an exemplary sensor head that enables measurement of 
the spherical distribution of radiance for a pixel 3 at a given point. The sensor 
head as shown in Fig. 4A consists of one area image sensor 2A and an optical 
system 21 . Each of the light receiving faces of the optical system is adapted to 
receive only a predetermined component of the beam of light from the pixel 3 to 
enter into the optical system. Each radial component of the light is uniquely 
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related to a particular sensing pixel of the area image sensor 2A to establish 
one-to-one correspondence between them by means of an optical element, as in 
the third and the fourth examples above. The LCD pixel positioned at the center of 
the imaginary sphere is activate to emit light. By scanning the sensing pixels in 
the area image sensor 2A, and by permitting only prescribe radial components to 
enter the area image sensor 2A, intensities of various radial components of the 
radiation, and hence the overall viewing angle characteristic of the pixel, can be 
determined. 

Fig. 4B is an exploded perspective view of a sensor head which is the 
same as the sensor head of Fig. 4A except that it has an additional incident light 
limiter. The incident light limiter 22, in the form of a slit or a pin-hole 22a provided 
on the light receiving faces of the optical system 21, limits the amount of radial 
component of the incident light to pass therethrough. The incident light limiter 22 
is not inevitable to the sensor head as shown in Fig. 4A, and can be omitted. 

EXAMPLE 6 

Fig. 48 shows a sensor head utilizing a set 2M of a multiplicity of area 
image sensors instead of a single area image sensor 2A of the fifth example (Fig. 
4A). This sensor head will improve the resolution of a luminance measurement 
apparatus. The area image sensors 2A in the set 2NI can be arranged on the 
same plane or not on the same plane. The correspondence to be established 
between the radial components of the radiated light and the area image sensors 
2A of the optical system 21 , and is the same as in the fifth example above. The 
method of measuring the luminance distribution is also the same as in the fifth 
example. 

EXAMPLE 7 

Fig. 5 shows a luminance measurement apparatus utilizing any one of the 
sensor heads described in the first through the fourth examples above. The 
apparatus includes sensor heads 1X and 1Y, which can be any of the sensor 
heads of EXAMPLE 1 through EXAMPLE 4. Each of the sensor heads IX and 1Y 
is arranged on a table 5 such that the sensor head measures radiated light 
emitted from a pixel line perpendicular to the sensor head at an angle 9 in the 
direction perpendicular to the pixel line. While measuring the light, the axis of the 
imaginary semi-cylinder is aligned with the pixel line. The apparatus also includes 
a light source 6, an image processor 7, an LCD driver 8, a table translator control 
device 9, a light source control device 10, a display device 11 , a host computer 12, 
a memory 12M, and an unevenness analyzer 13. The image processor 7 is 
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implemented for controlling such operations as: sampling iigiit signals by the 
image sensors; A/D conversion; dark output signal correction; shading 
correction,; filtering; removal of moire patterns of the Image sensor signals input; 
and processing the luminance data obtained. 

Using the sensor head 1X, it is possible to quickly obtain viewing angle 
characteristic data for one or more of the target pixel lines running in the x- 
direction. The measurable domain of viewing angles Is in the range <^ = 90° and 
e □ 90°, and in the range (j) = 270° and 9 ^ 90° for each pixel 3 in the pixel ling 
(region above the arc 31 shown In Fig. 8). The sensor head 1Y is capable of 
quickly obtaining viewing angle characteristic data for one or more of the target 
pixel lines running in the y-direction. The measurable domain of viewing angles 
are in the range (j) = 0° and 9 ^ 90°, and in the range ^ = 180° and 9^ 90° for 
each pixel 3 In the pixel line (region above the arc 32 shown In Fig. 8). 

If a simplified Inspection of the LCD panel is sufficient in order to 
complete the inspection quickly, measurement of viewing angle characteristic 
by means the sensor heads 1X and 1 Y for a collection of pixels in a small region 
(for example pixels In several pixel lines or multiple point sources) at a time would 
suffice. 

The table 5 has three degrees of freedom of motion in the x-, y-, and (])- 
directions. Thus, by moving the table 5 In the x-, y-, and (t)-directions relative to the 
sensor heads IX and 1Y, it is possible to measure the viewing angle 
characteristic over the entire pixels on the LCD panel 4. This measurement 
provides viewing angle characteristic data for the range (1 ) (j) = 90° and 9 g 90°, 
(2) (|) = 270° and 9^ 90°, (3) ([) = 0° and 9 ^ 90° , and (4) (J) = 180° and 9 ^90° 
for each of the pixels on the LCD panel. 

Additional viewing angle characteristic data may be obtained for ^ other 
than (|) = 0°, 90°, 180°, and 270°, by rotating the table 5 to align it in (j)-direction. 
Further, by rotating the table 5 through 90° and by rotating the LCD panel 4 
through 90° in (t)-direction, intensities of radiated light in four directions can be 
measured by a single sensor head 1, thereby simplifying the measurement 
apparatus accordingly. 

In a case where a luminance distribution is to be measured for a given 
pixel line running in an arbitrary azimuth direction by bringing the table 5 to ^- 
direction through a rotation, the interval between two adjacent pixels in the target 
pixel line (referred to as LCD pixel Interval) varies with angle <t), so that the time 
Interval for sampling two pixels in the linear image sensor must be adjusted in 
accordance with the LCD pixel interval when scanning the pixel line. 

When a monochromatic Image sensors are used, luminance data of light 
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radiated from a pixel at (x, y) on the LCD panel in the direction (<t), 6) is given by l(x, 
y, ((), e, K), where K is a parameter called luminance information coefficient. 

When color image sensors are used, luminance of light is given as a 
function in the form l(x, y, (]), 0, A, B, C), where A, B, and C are trichromatic 
information coefficients for red (R), green (G), and blue (B), respectively, obtained 
by measuring the luminances of R, G, and B pixels independently. 

Thus, depending on the image sensors used, the number of linear or area 
image sensors and sensing parameters thereof may be adjusted in accordance 
with the azimuth angle of the target pixel line of interest. 

The luminance data obtained by the sensor heads is supplied to the host 
computer 12 and stored in the memory therein. The uneveness analyzer 13 to 
detects and analyzes uneveness in color and unevenness in contrast of the LCD 
panel , taking into the color luminance distribution data stored in the memory, and 
compares the results with reference inspection data for evaluation of the LCD 
panel. The luminance data and the results of the analysis and of the 
inspection/evaluation are displayed on the display device 1 1 . 

A suitable light source may be chosen for the light source 6, suitable for 
the object under measurement, work, and items to be inspected. If the pixels are 
self-luminary owing to the illumination by a back light for example, the LCD panel 
may be controlled by the LCD driver 8, and the back light may be controlled by the 
light source control device 9. If the inspection is required for a panel not 
assembled with the back light, an external light source 6 may be provided to 
illuminate the panel for the inspection. A planar illuminator, a linear illuminator, or 
a pin-point illuminator such as a laser can be used as the external light source. 

EXAMPLE 8 

Fig. 8 shows an exemplary luminance distribution measurement 
apparatus which utilizes a sensor head of EXAMPLE 5 or EXAMPLE 6 so that it is 
capable of measuring the total luminance of a single pixel or pixels in a small area 
at a time. The table 5 has three degrees of freedom of motion in the x-, y-, and 
(|)-directions. 

Thus, in the measurement of the total luminance, the table carrying 
thereon on the LCD panel 4 is positioned so as to align the sensor head 1 with a 
pixel (or the pixels in a small area) to be measured by moving the table in the x-, 
y-, and (|) directions, and the luminance of the pixel is measured at all viewing 
angles to obtain luminance data (referred to as all-angle luminance data). The 
sensor head 1 will be shifted to the next pixel position to obtain all-angle 
luminance measurement data for the next pixel. By repeating this procedure, ali- 
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angle measurement data may be obtained for each pixel. 

For detailed angular measurements in the (t)-direction, the table 5 may be 
rotated finely in the (|)-dlrection. 

As described above, the sensor head of the invention can measure 
viewing angle characteristic of a luminary object in a specific azimuth angle or 
over all azimuth angles ^, for angle of incidence in the range 0° ^ 9 ^ 90°. It 
should be noted that the sensor head can perform measurement for all the angles 
of incidence between 0° and 90° at a time, it can provide necessary data very 
quickly. 

A luminance distribution measurement apparatus utilizing a sensor head 
of the invention has a compact form, a simple control mechanism, and high- 
speed operability for luminance measurement. The luminance 
inspection/evaluation apparatus of the invention can promptly determine the 
quality of a product during an inspection/evaluation process, so that the 
manufacturing cost can be reduced accordingly. 
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